A B S T R A C T The failure of human serum to give rise to anaphylatoxin activity could be attributed to the presence of a potent inactivator of anaphylatoxin in human serum. The inactivator was isolated and characterized as an a-globulin with a molecular weight of approximately 310,000. It was found to abolish the activity of both anaphylatoxins, which are derived respectively from the third and the fifth component of complement, and of bradykinin. Inactivation of C3-derived anaphylatoxin and of bradykinin was accompanied by release of C-terminal arginine from these peptides. The anaphylatoxin inactivator was shown to hydrolyze the synthetic substrates hippuryl-L-arginine and hippuryl-L-lysine and to be inhibited by ethylenediaminetetraacetate (EDTA) or phenanthroline. These observations indicate that the anaphylatoxin inactivator constitues a metal-dependent enzyme resembling in specificity pancreatic carboxypeptidase B.
INTRODUCTION
It has long been known that anaphylatoxin activity cannot be generated in human serum, whereas this activity is readily produced in a variety of animal sera, including rat, guinea pig, and hog serum. The question arose therefore as to whether human serum lacks the anaphylatoxin precursor or contains an inhibitor of anaphylatoxin. With the isolation and identification of complement proteins from human serum, it was possible in recent years to demonstrate that two distinct anaphylatoxins can be derived from the isolated third and fifth components of human complement (1, 2) . Both anaphylatoxins are low This is publication No. 418 from the Department of Experimental Pathology, Scripps Clinic and Research Foundation, La Jolla, Calif. 92037.
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Received for publication 27 May 1970. molecular weight fragments, called C3a' and C5a, which arise during the complement reaction through the action of complement enzymes. Both peptides have the capacity to contract smooth muscle and to increase capillary permeability. These activities are primarily due to release of histamine from cellular elements and are therefore inhibitable by antihistamines.
Since anaphylatoxin could be produced from isolated human complement proteins but not from whole human serum, it was postulated that human serum contains an inactivator of anaphylatoxin (2) . The presence of a heatlabile inactivator could subsequently be demonstrated in the a-globulin fraction of human serum (3) . The purpose of this communication is to report the isolation of the anaphylatoxin inactivator (AI), its enzymatic specificity, and its effect on both anaphylatoxins and on bradykinin. Emphasis will be placed on studies of the action of the inactivator on C3a anaphylatoxin, since this fragment to date has been more extensively characterized than C5a and has recently been found to exert strong biological activity in skin tests in humans (2) .'
METHODS
Preparation of the anaphylatoxins from C3 and C5 of human complement C3a anaphylatoxin was produced and isolated from highly purified C3 after treatment with the complement enzyme C3 convertase, trypsin, or the C3 inactivator complex according to methods described previously (3) . C5a anaphylatoxin was produced from highly purified C5 by the action of trypsin or EAC4,2,3, as reported earlier (4) .
Isolation of the anaphylatoxin inactivator from human serum
Preparation of pseudoglobulin. Usually 500-ml batches of fresh human serum were processed in the following fashion. The conductance was lowered to 2.5 mmho/cm by dilution with approximately 2 liters of distilled water, and the pH was adjusted to pH 7.0 with 1 N HCG. After standing overnight at 4VC, the resulting precipitate was removed by centrifugation.
Triethylaminoethyl (TEAE) cellulose chromatography. The supernatant (approximately 2.5 liters) was applied to a 5 X 80 cm column containing approximately 1600 ml of packed TEAE cellulose which had been equilibrated with 0.02 M phosphate buffer, pH 7.0 (starting buffer I). Following the application of the sample, the column was washed with 4 liters of starting buffer. The protein was then eluted with a NaCl concentration gradient. A 3 liter beaker, which served as mixing chamber and contained 2500 ml of starting buffer, was connected by siphon to a second 3 liter beaker filled with 2500 ml of starting buffer containing 0.3 M NaCl. The flow rate was adjusted to 100 ml/hr and 20-ml fractions were collected. The fractions containing the AI were pooled and concentrated to approximately 50 ml in an Amicon concentration device using an XM 50 ultrafilter. The AI containing material from four separate TEAE cellulose columns was combined and then dialyzed against 0.02 M phosphate buffer, pH 7.0, containing 0.07 M NaCl (starting buffer II). It was then applied to a second TEAE column (3.5 X 50 cm) equilibrated with starting buffer II and the column was washed with 2 liters of this buffer before a NaCl concentration gradient was started. A 2 liter beaker containing 1500 ml of starting buffer II served as mixing chamber and was connected by siphon with another 2 liter beaker filled with 1500 ml 0.02 M phosphate buffer, pH 7.0, containing 0.25 M sodium chloride. The flow rate was adjusted to approximately 70 ml/hr and fractions of 20 ml were collected. The fractions containing the AI were pooled and concentrated to 10 ml as described above.
Pevikon block electrophoresis. The material was dialyzed overnight against barbital buffer, pH 8.6, ionic strength 0.05, and subsequently subjected to Pevikon block electrophoresis in the same buffer. Electrophoresis was carried out for 20 hr using a potential gradient of 4 v/cm. Fractions containing the AI were concentrated to 10 ml and again subjected to electrophoresis using the same conditions. The fractions containing the activity were pooled and concentrated to 5 ml.
Gel filtration on Sephadex G-200. Sephadex filtration was carried out using a 3.5 X 170 cm Sephadex G-200 column equilibrated with 0.05 M phosphate buffer, pH 7.0. The sample was layered between the top of the column and the supernatant buffer. The flow rate was adjusted to 15 ml/hr and fractions of 3.5 ml were collected. Fractions containing the AI were pooled, concentrated to 2 ml, and applied to a second G-200 column (2.3 X 100 cm) equilibrated with the same buffer. The flow rate was adjusted to 10 ml/hr and fractions of 3 ml were collected. Fractions containing the AI were pooled and concentrated to a protein concentration of approximately 50 ug/ml; distributed into 0.5 ml aliquots, frozen in liquid nitrogen, and stored at -70°C. 
Assay of biological activity
Anaphylatoxin activity was assayed on segments of isolated guinea pig ileum as described previously (4) . 4 Bradykinin activity was assayed on estrous rat uterus. 5-10 ng of untreated or AI-treated bradykinin were applied to the bath. To demonstrate inactivation, 380 /Ag of bradykinin was incubated with 24 lsg AI for 8 hr at 370C and pH 7.5.
High voltage electrophoresis
The effect of the AI on C3a and bradykinin was analyzed on high voltage electrophoresis using Whatman chromatography paper 3 MM and a pyridine acetic acid buffer of pH 6.4. The buffer consisted of 24 ml of glacial acetic acid, 600 ml of pyridine, and 5400 ml of distilled water. Electrophoresis was carried out in a high voltage electrophorator, Model D, Gilson Medical Electronics, Inc., Middleton, Wis., for 90 min applying 1250 v. For analytical purposes 15 nmoles of C3a or bradykinin was applied. After drying, the paper was stained with a solution of 0.5% ninhydrin in acetone. Arginine was used as marker. Insulin and ribonuclease were also tested as possible substrates of AI. After treatment with AI, 15 nmoles of insulin (Eli Lilly and Co.) or ribonuclease (crytalline 5 X, Nutritional Biochemical Corp., Cleveland, Ohio) was applied to the paper.
For preparative purposes, 150 nmoles of C3a or bradykinin after treatment with AI was streaked out on the paper, applying 100 nmoles/cm. After electrophoresis a small strip was cut out of the paper and was stained with ninhydrin. This strip was lined up with the paper and the area corresponding to the ninhydrin stain was cut out of the unstained paper and eluted with 5 ml of 0.1 M ammonium bicarbonate buffer, pH 7.9, for 20 hr. The eluate was subsequently subjected to further analysis.
Peptide mapping of C3a
The peptide map of the trypsin digest of C3a was obtained by combining paper chromatography with high voltage electrophoresis at pH 3.6 according to Katz, Dreyer, and Anfisen (8) . C3a was oxidized with performic acid (9) ; lyophilized material was dissolved in 0.6 ml of a solution prepared with 5 parts of 97% performic acid and 1 part methanol. 1 ml of performic acid reagent was then added and the mixture was kept at -5C for 150 min. The performic acid reagent was prepared by mixing 95 parts of 97% performic acid with 5 parts of hydrogen peroxide. This mixture was kept for 120 min at 20°C before use. After oxidation of C3a the mixture was diluted with 40 ml of distilled water and lyophilized. The material was subsequently dissolved in 2 ml 0.1 m ammonium bicarbonate buffer, pH 7.9, and treated with 1% trypsin (w/w) at 20°C for 2 hr. The digest was then lyophilized and redissolved in 50 /d of water and applied to the paper. For analytical purposes, 15 nmoles, and for preparative purposes, 150 nmoles of C3a were applied to the paper. Descending chromatography was performed for 20 hr at 20°C using as solvent a mixture containing 720 ml of butyl alcohol, 213 ml of glacial acetic acid, and 1066 ml of water. Following chromatography the paper was subjected to electrophoresis, applying 2500 v for 70 min. The buffer in which the electrophoresis was carried out was prepared by mixing 25 ml of pyridine, 250 ml of glacial acetic acid, and 7225 ml of distilled water. For analytical purposes the paper was stained with a solution of 0.5% ninhydrin in acetone. If elution of peptides was intended, the paper was stained with 0.02% ninhydrin solution. Areas showing ninhydrin stain were cut out and eluted as described above.
Analysis of the effect of Al and carboxypeptidase B on the C-terminal residue of C3a 50 nmoles of C3a in 2 ml of 0.1 M ammonium bicarbonate buffer, pH 7.9, were incubated with either 02 nmoles of AI or 2.5 nmoles of carboxypeptidase B (CPB) (Code: COBDFP, Worthington Biochemical Corp.) for 30 min at 370C. In order to investigate a possible effect of carboxypeptidase A (CPA) on C3a, 50 nmoles of C3a was treated with 2.5 nmoles of CPA (Code: COADFP, Worthington Biochemical Corp.) under the conditions described above. The reaction was stopped by increasing the hydrogen ion concentration to pH 2.5-3.0. 50 nmoles of norleucine (DLnorleucine, Lot 100177, California Foundation for Biochemical Research, Los Angeles, Calif.) were incorporated into the mixture as internal standard. The reaction mixture was then passed over a 3 cm column containing 2 ml of Dowex 50 H+ (AG 50 W X 8, 200-400 mesh, Bio-Rad Laboratories, Richmond, Calif.). The column was washed with 5 ml of distilled water and subsequently the adsorbed amino acids were eluted with 3 ml of 3 N ammonium hydroxide. After evaporation the samples were subjected to quantitative amino acid analysis using a Beckman Spinco amino acid analyzer.
Effect of AI and CPB on synthetic substrates 1 ml of a 7 X 10-' M solution of hippuryl-L-arginine or hippuryl-L-lysine (Mann Research Laboratories, New York) in 0.025 M Tris buffer, pH 7.6, containing 0.1 M NaCl were filled into quartz cuvettes having a 1 cm light path. 0.1 ml of the same buffer containing either 0.14 .g CPB, 1.4 ,Ag CPB, 1.4 /Ag AI, or 14 ,ug AI was pipetted into the substrate solutions at zero time and the absorbency at 254 m1u was determined spectrophotometrically at various time intervals. The reaction was carried out at 25°C.
N-terminal amino acid determination
N-terminal analysis of bradykinin and bradykinin after inactivation with the AI was carried out according to Gray and Hartley (10) . MlI of undiluted serum. The average volume of anaphylatoxin containing guinea pig and rat serum was respectively 0.4 ml and 0.05 ml. Anaphylatoxin activity was generated by incubation of guinea pig or rat serum with 50 ug/ml of isolated cobra venom factor for 20 min at 370C. RESULTS Inactivation of human C3a-and C5a-anaphylatoxin by various sera. As summarized in Table I , human C3a and C5a were inactivated within 2 min at 200C by all sera tested, including samples of human, guinea pig, rat, and rabbit serum. Usually 15 Al of undiluted serum was sufficient to cause inactivation. Plasma prepared from freshly drawn, heparinized human blood was equally active as serum. In contrast, anaphylatoxin generated in whole guinea pig and rat serum was neither inactivated by the autologous serum nor any of the heterologous sera tested. The data suggest that the inactivating principle in human serum also occurs in various animal sera, although in guinea pig and rat serum it does not appear to affect the autologous anaphylatoxins.
Isolation of the anaphylatoxin inactivator from human serum. Since AI has previously been found to be a pseudoglobin, serum from which the low ionic strength precipitate was removed was used at starting material. Three qualitatively different separation steps were employed consecutively for the isolation of AI (Fig. 1) . First, 500 ml of starting material was chromatographed on TEAE-cellulose in phosphate buffer, pH 7.0 utilizing a NaCl concentration gradient. AI activity was eluted at a conductivity range of 10-12 mmho/cm. Following concentration and pooling of the active material from four separate experiments, TEAE chromatography was repeated using slightly different gradient elution conditions. Fractions containing AI activity from the second chromatogram were pooled and concentrated to 10 ml and subjected to electrophoresis on Pevikon in barbital buffer, pH 8.6. The protein of the a-globulin region where AI activity was invariably detected was concentrated and again subjected to electrophoresis under identical conditions. The active fraction, concentrated to 5 ml, was then passed over a column of Sephadex G-200, where the activity emerged near the exclusion volume. Also, this procedure was repeated with the active material utilizing a smaller Sephadex column. As shown in Fig. I f, the distribution of AI activity upon gel filtration in the final isolation step corresponded closely to the distribution of protein.
The average yield of AI was 2 mg/liter of serum. Approximately 0.5 ,ug of AI was equivalent to 15 Ml of serum with respect to anaphylatoxin inactivation. This amount corresponds to 1/4000 of the average yield and to the activity contained in 60 ml of human serum. Assuming that no inactivation occurred during the isolation procedure, the over-all yield of AI was 6%. On the basis of these figures the amount of AI in serum may be estimated to be 30-40 Mg/ml. Preliminary immunochemical quantitation gave a comparable value for AI concentration in human serum.
Molecular properties of isolated anaphylatoxin inactivator. The physicochemical and immunochemical homogeneity of isolated AI is demonstrated in Fig. 2 which shows the results of disc electrophoretic and immunoelectrophoretic analyses. AI behaves on electrophoresis in agar or in Pevikon as an a-globulin. The sedimentation coefficient was found to be approximately 9.5S and the diffusion coefficient to be 2.9 X 10' cm'/sec. The molecular weight was calculated from s and D assuming a V of 0.73 to be 325,000. By the polyacrylamide gel electrophoretic method a molecular weight of approximately 290,000 was obtained (Fig. 3) . These data are summarized in Table II :tion of an isolated segment of that now the muscle was tachyphylactic to C3a. As an-20 ml bath. Fig. 4 shows the ticipated, the muscle retained its reactivity toward C5a tive experiment performed with anaphylatoxin, so that the same segment could be used to To preclude misinterpretation show that the effect of AI on C5a was identical with its hylaxis, AI-treated C3a was ap-effect on C3a. a wash, untreated C3a was inC3a activity was also assayed by measuring the conhereas treated C3a invariably traction of the estrous rat uterus in a 20 ml bath (Fig. 5) Various preparations of AI were analyzed for anaphylatoxin inactivating activity and their potency was expressed in terms of moles of C3a inactivated per mole of AI. As indicated in Table III OSa C5a +1°0C, no inactivation of C3a by AI was detected during +Al 5 min. When treatment of C3a was carried out at 20°C C3a and CSa anaphylatoxin by no effect of AI was noted at pH 5 and below. Inhibition of C3a or C5a were incubated of the reaction at low pH was not due to destruction of in at 20°C and pH 7.5, and sublinea pig ileum (C3a +AI, C5a AT activity, since adjustment of the hydrogen ion cont with AI, C3a or C5a had no centration to pH 7 after 5 min of exposure of pH < 5 ,s identical amounts of untreated resulted in full restoration of Al activity. However, tion. The failure of the ileum to exposure of AI to pH 4 for 1 hr at 20°C destroyed its nation of C3a or C5a is due to . . nd C5a do not cross-desensitize activity irreversibly. These observations indicated a segment could be used-for these pH and temperature dependence of the action of AT on e effect of histamine.
C3a. No. 1 untreated* 500 Chemical nature of Al effect on C3a. Cellulose acetate electrophoresis revealed that loss of anaphylatoxin activity of C3a through treatment with AI was accompanied by a change in electrophoretic mobility. The inactivated C3a migrated less rapidly to the cathode than active C3a (Fig. 6) .
The apparent loss of positive net charge could be explained by the liberation of arginine resulting from the action of AI. Free arginine was first demonstrated in the reaction mixtures of C3a and AI by high voltage electrophoresis. Quantitative amino acid analysis performed after removal of the plotein from the mixture indicated the presence of approximately 1 mole of arginine per mole of treated C3a (Table IV) . No other amino acids could be detected. Since arginine was previously found to be in C-terminal position of C3a anaphylatoxin, and serine in N-terminal position,8 the liberated arginine could only represent the C-terminal residue.
Carboxypeptidase B (CPB), which previously was shown to cleave arginine from C3a,' was therefore tested for its effect on the activity of C3a. Treatment of C3a for 2 min at 20°C with CPB in a molar ratio of 50: 1 completely abolished anaphylatoxin activity. In contrast, carboxypeptidase A (CPA) in equimolar ratio had no effect on C3a activity. 
C3a
FIGuRE 6 Effect of AI on the electrophoretic behavior of C3a on cellulose acetate at pH 8.5. Following treatment a shift of the protein band into a more anodal position is discernible. The arrow indicates the line of application.
The encountered resemblance between AI and CPB activity prompted the following experiments. Extensive dialysis of AI against 0.01 M ethylenediaminetetraacetate (EDTA) or phenanthroline markedly reduced AI activity (Table III) , suggesting the presence in the enzyme of a functionally essential bivalent metal ion. Comparison of the effect of AI and CPB on hippuryl-L-arginine or hippuryl-L-lysine showed that AI definitely hydrolyzed these synthetic substrates. The rate of hydrolysis of hippuryl-L-arginine, however, was only approximately 1/15th of that observed with CPB (Fig. 7) . AI failed to liberate the C-terminal residues from ribonuclease and insulin. It may be concluded from these results that human serum AI has an enzymatic specificity resembling that of pancreatic CPB. aliquots of the reaction mixture and of the control which lacked AI were examined for kinin activity. As shown in Fig. 9 , bradykinin was inactivated by AI under these conditions.
High voltage electrophoresis of AI-treated bradykinin from the same reaction mixture showed release of arginine (Fig. 10) . Since bradykinin has arginine in N-and in C-terminal position, the inactivated bradykinin was eluted from the paper and subjected to N-terminal residue analysis. By dansylation, N-terminal arginine was demonstrated to be present, indicating that AI inactivated bradykinin by liberating the C-terminal arginine. That AI is an enzyme was suggested by the pH and temperature dependence of its action and the fact that one molecule of AI can effect inactivation of many hundred molecules of C3a. Its enzyme nature is clearly revealed by the finding that AI removes the C-terminal residue from both C3a and bradykinin. Since arginine is in C-terminal position in both peptides, it may be concluded that AI is endowed with carboxypeptidase B specificity. Indeed, it could be shown that AI was capable of hydrolyzing typical CPB substrates, whereas it failed to liberate the C-terminal residues from ribonuclease and insulin which are attacked by CPA. The proposed relationship to CPB is supported by experiments showing that pancreatic CPB in removing the C-terminal arginine from C3a also abolished its activity. Further, like CPB, AI was inactivated by treatment with phenanthroline or EDTA. Although it resembles pancreatic CPB with respect to enzyme specificity, AI differs markedly from it in that its molecular weight is 10 times greater than that of CPB. The serum enzyme may represent an aggregate of several subunits or it may be complexed with a nonenzymatic carder protein. More work is needed to distinguish between these alternatives.
DISCUSSION
The question of whether AI requires activation from a proenzyme is of considerable biologic significance. It was found in active form present in all serum samples tested. Full activity was also present in plasma of freshly drawn heparinized blood. Storage of serum or plasma did not noticeably increase AI activity. These observations tend to support the view that AI occurs in the circulation as an active enzyme. If this view were correct, basic amino acid residues should not be found in C-terminal position of plasma proteins. In fact, none of the plasma proteins have been reported so far to possess C-terminal arginine or lysine (11) .
A CPB-like enzyme has previously been shown to occur in serum of various species by Erd6s (13).
Although not yet purified, it has been characterized with respect to several properties. It is contained in Cohn fraction IV-1 of human serum, is eluted late from DEAESephadex and emerges from Sephadex G-200 columns between the first and second peak of the serum profile (14) . The enzyme inactivates bradykinin by removing the C-terminal arginine, and it hydrolyzes hippuryl-Larginine and hippuryl-L-lysine. It is inactivated by EDTA and phenanthroline. It is probable that Erdds' enzyme, also called kininase I or carboxypeptidase N, is identical with the here described AI.
Elucidation of the effect of AI on C3a has revealed the essential role of the C-terminal group of C3a for its anaphylatoxin activity. It has further afforded identification of the tryptic peptide which contains the critical arginine residue. This peptide was found to be the most positively charged of all peptides obtained from C3a by tryptic digestion. (15) . After the detection of AI and the recognition of its chemical effect on C3a, these earlier results were reexamined. They could be explained by the finding of trace amounts of AI in some preparations of the C4,2 enzyme. When in subsequent experiments C4,2 was used which was devoid of AI activity, the resulting C3a contained C-terminal arginine.
In contrast to the human anaphylatoxins, the anaphylatoxins of rat and guinea pig serum are resistant to inactivation by autologous and heterologous AI. Lack of susceptibility may be due to a blocked carboxyl group of the C-terminal arginine, absence of a basic C-terminal, or dependence of the activity upon groups other than a basic C-terminal residue. In the case of pig anaphylatoxin, the C-terminal residue is probably amidated or blocked otherwise, since Stegemann, Bernhard, and O'Neil (16) failed to liberate any residue using a mixture of CPA and CPB.
The potential biological significance of AI is indicated by the following in vitro observations. AI efficiently abolishes the activity of both types of anaphylatoxin, C3a and C5a. It thereby interferes with their potential to release histamine from cellular elements, and thus with all histamine-dependent reactions caused by anaphylatoxin. AI also abolished the capacity of C3a to cause rat uterus contraction which was found to be independent of histamine and serotonin release. Although less efficiently, AI destroys the activity of bradykinin and lysyl-bradykinin, as evidenced by loss of smooth muscle contracting activity. Certainly, the failure of many attempts to produce anaphylatoxin in whole human serum is adequately explained by the occurrence of AI in all normal sera tested. While this well established fact tended to minimize the possible in vivo role of the anaphylatoxins in man, the description of this new regulatory principle has reemphasized the anaphylatoxins as mediators of specific and nonspecific inflammation. That C3a anaphylatoxin is highly active in man was shown recently by intradermal administration of C3a to healthy individuals. Nanogram amounts caused an imme-diate wheel and flare formation of 30-60 min duration (2) 
